Sister chromatid cohesion depends on a multiprotein cohesin complex containing two SMC subunits, Smc1 and Smc3, that dimerize to form V-shaped molecules with ABC-like ATPase heads at the tips of their two arms. Cohesin's Smc1 and Smc3 "heads" are connected by an ␣ kleisin subunit called Scc1, forming a tripartite ring with a diameter around 40 nm. We show here that some cohesin remains tightly bound to circular minichromosomes after their purification from yeast cells and that cleavage either of cohesin's ring or of the minichromosome's DNA destroys their association. This suggests that the stable association between cohesin and chromatin detected here is topological rather than physical, which is consistent with the notion that DNA is trapped inside cohesin rings.
Introduction
In eukaryotic cells, sister molecules of chromosomal DNA (sister chromatids) are held together (cohesed) from the time of their generation during S phase until their segregation to opposite poles of the cell during anaphase. Sister chromatid cohesion is essential for ensuring that sister kinetochores attach to microtubules that originate from the opposite poles of the cell, a process called amphitelic attachment or biorientation. This is achieved because the interconnection of sister DNAs resists the tendency of amphitelically attached microtubules to split chromatids and thereby generates the tension thought to stabilize microtubule-kinetochore attachments (Ault and Nicklas, 1989; Tanaka et al., 2000) . The destruction of cohesion, which only occurs when all chromosomes have bioriented, triggers the segregation of chromatids at the metaphase to anaphase transition.
Sister chromatid cohesion depends on a multisubunit complex called cohesin that comprises two SMC proteins, Smc1 and Smc3, and two non-SMC components Scc1 and Scc3 (Guacci et The discovery that cohesin's cleavable α kleisin subunit bridges the two heads of V-shaped Smc1/Smc3 heterodimers (Haering et al., 2002) suggests that cohesin's stable association with chromatin could arise from the trapping of double helical DNA molecules inside the tripartite ring created by Scc1, Smc1, and Smc3. Indeed, trapping of sister DNA molecules within a single cohesin ring would explain not only how sister DNAs are held together but also how separase destroys their interconnection at the metaphase to anaphase transition. With a potential diameter of 40 nm, cohesin rings would be large enough to accommodate two 10 nm nucleosomal chromatin fibers.
To address the nature of cohesin's interaction with chromatin, we have developed a procedure to purify replicated circular minichromosomes from yeast. The cohesin that is tightly associated with these chromosomes is released by cleavage either of Scc1 or of Smc3. Cohesin is also released by linearization of the minichromosome due to cleavage at a unique restriction site. These observations imply that the connection between cohesin and chromatin is primarily topological and not physical. 
Results

Purification of Circular Minichromosomes from Yeast
To investigate the nature of sister chromatid cohesion, we developed a method to isolate small circular chromosomes from the budding yeast Saccharomyces cerevisiae. To ensure that the chromosomes would be associated with cohesin that might actually be engaged in holding sister DNAs together, we used circular DNAs that contain not only a selective marker and an origin of DNA replication but also an active centromere (Figure 1A) . We chose circular centromeric plasmids because centromeres are known to confer not only cohesin recruitment but also cohesion between sister DNAs (Megee et al., 1999) . We used an affinity-based method utilizing the interaction between Tet repressor and its operator ( Figure 1B) . Host yeast strains expressed a TetR-GFP protein-A fusion protein that bound in vivo to a tandem array of 21 (or more) operators embedded in a 3.5 kb circular plasmid containing the TRP1 gene, its neighboring replication origin, and an 850 bp fragment containing the centromere from chromosome IV ( Figure 1A ). Cells were grown until midlog phase and then arrested in a mitotic-like state by addition of nocodazole. This not only disrupted any microtubule-kinetochore interactions that might jeopardize the isolation of minichromosomes but also ensured that all chromosomes were fully replicated. After harvesting, cells were spheroplasted by treatment with lyticase, lysed by the addition of a Triton X-100 buffer containing RNase, and most if not all chromosomal chromatin removed by centrifugation at 12,000 × g for 5 min. The resulting extracts, containing most minichromosome but very little chromosomal DNA ( Figures 1C and 1D) , were incubated overnight with IgG beads, which caused depletion of most TetR-GFP protein-A fusion protein from the extract as judged by Western blot analysis (data not shown). 30%-70% of minichromosomes containing Tet operators bound to the IgG beads ( Figure 1C ) while minichromosomes lacking any operators bound not at all and ones with only seven operators bound inefficiently (data not shown). Binding was dependent on expression of the TetR-GFP protein-A fusion protein (Figure 1E) .
Bound minichromosomes were eluted from the IgG beads by addition of anhydrotetracycline. The mini- Figure 2B ). To test whether cohesin associated with minichromosomes has the same properties, we compared the amount of minichromosome DNA associated with Scc1-HA6 after wildtype, scc2-4, and eco1-1 mutant cells had undergone DNA replication at the restrictive temperature. Association was greatly reduced by the scc2 mutation but unaffected by the eco1 mutation ( Figure 2B ). The asso- ciation between cohesin and minichromosome DNA detected in our assay does not therefore depend on the establishment of sister chromatid cohesion.
Severing the Cohesin Ring Destroys Its Association with Minichromosomes
A circular plasmid immobilized due to its association with cohesin provides an ideal system for addressing the nature of their association. We first investigated whether severing cohesin's ring causes dissociation of DNA. We isolated minichromosomes from a yeast strain whose SCC1 gene produces an HA tagged Scc1 protein containing between its N-and C-terminal domains three cleavage sites for the Tobacco Etch Virus (TEV) protease. Incubation with TEV protease prior to immunoprecipitation with 12CA5 antibody cleaved all Scc1 molecules (note that most protein in these preparations is not in fact associated with the plasmid) and largely abolished copurification of plasmid DNA with cohesin ( Figure 3 ). This effect was clearly due to cleavage of Scc1 by TEV protease and not due to some unknown activity associated with the protease because its addition to minichromosomes isolated from cells whose HA tagged Scc1 protein lacked TEV cleavage sites had no effect on DNA coprecipitation with cohesin ( Figure 3) .
To investigate the effect of cleaving Smc3's coiled coil, we isolated minichromosomes from cells whose Smc3 protein contained either a pair of TEV cleavage sites at opposing positions within its coiled coil or a single TEV site in only a single Smc3 polypeptide strand. Cleavage of the former with TEV protease severs Smc3's coiled coil whereas cleavage of the latter merely nicks it, leaving the cohesin ring both intact and functional ( 
Linearization of DNA Causes Cohesin's Release from Minichromosomes
Our finding that the integrity of cohesin rings is essential for their association with minichromosomes implies that no single domain is responsible. Association could instead arise from interlocking (catenation) of two circular objects, namely cohesin and DNA. If so, cleavage of the DNA as well as severance of the cohesin ring would be predicted to release cohesin from its "embrace", assuming that cohesin rings can slide along chromatin in vitro. We therefore investigated the effect on cohesin's association with DNA of cleaving minichromosomes at a unique Bgl II site while they were still bound to the IgG sepharose matrix via their Tet repressor protein A fusion protein. This Bgl II site is fortuitously located in a nucleosome-free area near the minichromosome's origin of DNA replication (Thoma et al., 1984) , which permits efficient cleavage by prolonged incubation with enzyme at 4°C. Following DNA cleavage, both cleaved and uncleaved minichromosomes were eluted from the sepharose beads by addition of anhydrotetracycline.
About 90% of the circular DNA was linearized by this procedure ( Figure 5B ). The efficiency with which residual closed and nicked circular forms of the plasmid were recovered in the bound fraction (i.e., immunoprecipitated on dynabeads with Scc1-HA6) was largely unaltered by incubation with Bgl II. In contrast, few if any linearized minichromosomes were immunoprecipitated with Scc1-HA6 ( Figure 5B ). The reduction in coprecipitation of linearized minichromosome DNA with cohesin was due to cleavage of the minichromosome because copurification with cohesin of an otherwise identical plasmid whose Bgl II site had been mutated was unaltered by incubation with the enzyme ( Figure 5C ). Inser- tion of seven tandem EcoR I restriction sites permitted cleavage with EcoR I one kilobase away from the Bgl II site. Minichromosomes linearized by EcoR I also failed to coprecipitate with cohesin ( Figure 5D ), suggesting that the effect of DNA cleavage is independent of its location on the minichromosome.
To address whether DNA cleavage has any effect on the association of minichromosomes with CENP-A, we analyzed the effect of Bgl II cleavage on coprecipitation of DNA with Cse4-HA6. In contrast to cohesin, linearized minichromosomes coprecipitated with Cse4-HA6 nearly as efficiently as uncleaved circular forms ( Figure  5E ). Coprecipitation with an HA tagged version of histone H2B was similarly unaffected by linearization (data not shown).
We also investigated the effect on their association with cohesin of merely nicking minichromosomes, by inserting a site for the N.BbvC IA nicking enzyme at the minichromosome's Bgl II site. Without enzymatic nicking, 30% of the plasmid in the preparation was nicked and 70% supercoiled ( Figure S1 in the Supplemental Data available with this article online). After nicking of the plasmid while bound to the sepharose beads an additional 47% of the total plasmid was converted to a nicked form resulting in a 77% versus 23% nicked to closed form ratio. Nicking of the minichromosomes caused about a 2-fold reduction of the efficiency of their copurification with cohesin (19% of the plasmid immunoprecipitated before nicking versus 9% after), an effect that is much less drastic than that caused by linearization. The effect of converting closed circular DNAs to open circles could be an artifact of the immunoprecipitation procedure since a similar reduction in the amount of the plasmid bound to the beads after nicking was often observed when Cse4 was immunoprecipitated instead of cohesin (see for example Figure  5E ). We cannot however totally exclude the possibility that a fraction of cohesin is associated with minichromosomes in a manner that is sensitive to the state of DNA supercoiling.
In the experiments described above, a considerable period of time elapses between DNA cleavage and the measurement of its association with cohesin. To minimize this time period, we tested whether circular DNA already bound to dynabeads due to its association with cohesin can be released from these beads by linearization ( Figure 6B ). Cohesin and associated circular minichromosomes were directly immunoprecipitated from extracts using dynabeads ( Figure 6A on the beads after all four washes (Figures 6C and 6D) . Linearization of the DNA with Blg II had the same effect. Most DNA was released after the first wash and little or no DNA (0.2%) remained on the beads after all four washes ( Figures 6C and 6D) . Importantly, the circular DNAs that resisted Blg II cleavage behaved quite differently; 54% remained on the beads after all four washes (Figures 6C and 6D) . Similar results were obtained when minichromosomes were cleaved with EcoR I instead of Bgl II (data not shown). We conclude that linearization triggers rapid release of minichromosomes from cohesin associated with dynabeads.
Additional evidence that linear but not nicked minichromosomes have a reduced affinity for cohesin came from experiments in which yeast cells were instead broken by grinding with a motor-driven pestle under liquid nitrogen, which shears a significant fraction of minichromosome DNA in one or more places ( Figure 6E ). Both open (nicked) and closed circular minichromosomes were found associated with cohesin but linearized forms largely not. Importantly, this effect was observed with 5 and 7.5 kb minichromosomes as well as with the 3.5 kb one ( Figure 6F ). The activity of a restriction enzyme is therefore not necessary for dissociation of linear DNA from cohesin.
In summary, our data indicate that the efficiency with which circular minichromosomes can be immunoprecipitated is at least 10 (and possibly 100 times) greater than that of linearized ones. We conclude that cohesin cannot maintain a stable association with linear fragments of chromatin that are 10 kb or shorter.
Individual Cohesin Rings Can Interact with Minichromosomes
The simplest version of the embrace model envisions DNA's entrapment within a single cohesin ring. It is nevertheless possible that cohesin only associates tightly with chromatin as a multimeric complex containing two or more tightly associated cohesin rings ( Figures S2A  and S2C ) or even as a filament containing multiple molecules of each cohesin subunit ( Figure S2B ). If cohesin formed such multimeric complexes, then it should be possible to detect association between two different molecules of a given cohesin subunit, namely between Scc1 molecules tagged with HA and Myc epitopes expressed from two differently tagged SCC1 genes in diploid cells. No such association could be detected in a population of cohesin complexes released from chromatin by treatment with micrococcal nuclease (Haering et al., 2002) . This experiment would not however have been able to detect association between different Scc1 molecules while they were still associated with chromatin.
Our ability to detect directly the association between cohesin and a minichromosome provides an opportunity to test whether the interaction requires cohesin multimers. If association between two or more Smc1/ Smc3 heterodimers were required for cohesin to associate with minichromosomes, then cleavage of just one Scc1 subunit from this "minimal" set of complexes should release cohesin from DNA ( Figure S2A ). Likewise, if cohesin had to form filaments (with a critical length) to associate with minichromosomes, then cleavage of half of the Scc1 subunits from such a filament should also release cohesin from DNA ( Figure  S2B) . To test this, we constructed a diploid strain whose two SCC1 genes encoded differently tagged proteins: one with a C-terminal HA-tag (HA6) and multiple TEV sites in the middle portion of the protein and another with a C-terminal Myc-tag ( An alternative scenario is that different cohesin rings can indeed associate with DNA as monomeric complexes but that they invariably associate with a second complex or indeed with several other complexes, any one of which could also associate (independently of the first complex) with DNA ( Figure S2C ). Under these circumstances, some two thirds or more of TEV cleavable HA tagged Scc1 molecules would be associated with uncleavable Myc-tagged complexes whose association with the HA complex and with DNA would prevent release of DNA from Scc1-HA6 upon TEV cleavage. If on the other hand, cohesin never associates stably with other cohesin complexes associated with DNA, then all DNA associated with HA tagged Scc1 should be released by TEV cleavage.
To test these predictions, minichromosomes were isolated from lysates prepared from diploid cells (expressing TEV cleavable Scc1-HA6 and TEV uncleavable Scc1-Myc18) using Tet repressor affinity chromatography, eluted from the IgG sepharose beads, and treated with TEV protease. Intact and cleaved Scc1 proteins were then immunoprecipitated via Myc or HA tags, respectively, and their association with minichromosomes was analyzed by a Southern blot. The experiment was repeated three times with very similar results. The amount of minichromosome DNA coimmunoprecipitated with HA epitopes after cleavage with TEV protease was only 6.5% (SD = 0.6%) of the amount coim- munoprecipitated in the absence of TEV treatment and indeed very close to background levels of 6.1 (SD = 1.3%) ( Figure 7B ). The amount of minichromosome DNA coprecipitated with Myc epitopes was not affected by the addition of TEV with 92.5% of the DNA (SD = 13.7%) precipitated after cleavage ( Figure 7C ). These data are consistent with the notion that individual cohesin rings interact with DNA. They also suggest that the cohesin complexes associated with minichromosomes are not stably associated with other cohesin complexes. Finally, it should be pointed out that it is quite conceivable that few if any of our minichromo-somes retain an association with more than a single cohesin complex after their extensive purification. If so, our assay must necessarily detect stable association between individual cohesin complexes and minichromosomal DNA.
Discussion
The structures established by cohesin during DNA replication that hold sister DNAs together during G2 and M phases are stable entities that persist until cells undergo mitosis. There is little or no turnover of individual subunits within postreplicative cohesive structures (Haering et al., 2004) . A remarkable aspect of these structures is that they must be strong enough to resist spindle forces but nevertheless be susceptible to rapid destruction at the hands of separase at the onset of anaphase. The nature of the interaction between sister DNAs mediated by cohesin has been subject to much speculation but very little actual experimental investigation. It was initially assumed that DNA or chromatin would be bound by a distinct domain (within a specific cohesin subunit) that is connected via protein-protein interactions to an equivalent (or indeed even different) cohesin domain bound to its sister. However, the discovery that cohesin forms a gigantic ring structure whose integrity is broken at the metaphase to anaphase transition by proteolytic cleavage suggested a radically different type of interaction, namely one in which chromatin fibers are never stably bound by cohesin in a physical sense but are instead trapped topologically within its ring structure (Gruber et al.,
2003; Haering et al., 2002).
To investigate whether cohesin binds chromatin physically or traps it topologically, we have developed a method of detecting cohesin's association with small ring chromosomes after their purification from extracts prepared from M phase cells. Briefly, we purified minichromosomes by virtue of their having bound (in vivo) Tet repressor fused to protein A and then measured the fraction of purified minichromosome DNA that can be coprecipitated with epitope tagged cohesin subunits. Between 10% and 30% of minichromosomes can be immunoprecipitated with cohesin under these circumstances. We assume but cannot at this stage prove that the cohesin complexes detected in this manner are representative of those that actually associated with minichromosome in vivo.
This method permitted us to test whether cleavage either of cohesin rings or of the circular chromosome itself caused the partners to lose their association. Crucially, cleavage either of Scc1 or Smc3 or DNA itself reduced coprecipitation of DNA with cohesin to background levels. The release of minichromosomes from cohesin caused by DNA cleavage was not simply due to relaxation of supercoiling as nicked minichromosomes largely retain their association with cohesin. Crucially, cleavage of minichromosome DNA did not sever its association with centromere-specific nucleosomes.
The simplest explanation for these findings is that the cohesin associated with a minichromosome slides along the chromatin fiber without at any stage dissociating from it. This process presumably continues almost indefinitely if the chromosome is circular but ceases if cohesin reaches a free end, from which it slides off and thereby dissociates from the minichromosome. Our observations do not exclude the possibility that cohesin also makes physical connections to chromatin. But, if such connections are made, they cannot be stable enough to survive both purification and immunoprecipitation steps. An important issue unaddressed by our experiments is what fraction of the cohesin detected on minichromosomes by our immunoprecipitation assay is actually participating in holding sister DNAs together. The fact that we also detect similar amounts of cohesin associated with minichromosomes when isolated from eco1 mutants that cannot establish sister chromatid cohesion imply that cohesin can associate stably with replicated DNA even when not holding sister chromatids together. Because of this, we cannot at this stage say whether the interconnections between sister DNA mediated by cohesin are also primarily topological in character.
We also cannot fully exclude the possibility that DNA ends per se trigger a change in the conformation of cohesin that causes its dissociation from DNA. Indeed, the recent finding that cohesin is loaded to sites of double strand breaks in vivo raises the possibility that it might be able to recognize free DNA ends (Strom et al., 2004; Unal et al., 2004 ). However, this seems unlikely because recruitment of cohesin to double strand breaks is not direct and is mediated by a signal transduction pathway involving ATM-like protein kinases, the Rad50/Mre11 complex, and nucleosome modification. None of these events are likely to occur on our purified minichromosomes.
Our finding that cohesin remains tightly connected to chromatin fibers in vitro while sliding along them provides a physical explanation for the observation that cohesin accumulates at sites of convergent transcription along chromosome arms in vivo (Glynn et al., 2004; Lengronne et al., 2004) . This striking phenomenon could be caused by cohesin being swept along chromatin fibers by the movement of RNA polymerases or more likely by the nascent transcripts associated with them. Our demonstration that cohesin can slide along several kilobases of DNA in vitro in the absence of ATP and even at 4°C suggests that such movement does not require extensive chromatin remodeling. To test this hypothesis, it will be necessary to show that the cohesin which accumulates at sites of convergent transcription in vivo actually had been transported to those sites from other locations within the genome, for example from sites at which cohesin had been initially loaded onto the chromatin fiber.
It is difficult to imagine how cohesin could slide for long distances along chromatin while at no stage disengaging from it without invoking some kind of topological linkage between cohesin and DNA. Though our experiments do not provide any direct information as to the structure of the cohesin-chromatin linkage, there are obvious merits in trying to explain it in terms of cohesin's known properties. It is therefore germane that cohesin forms a closed ring whose diameter of 30-40 nm could accommodate at least two 10 nm chromatin fibers. Both the ability to slide freely along chromatin fibers and the importance of cohesin's circularity in maintaining sister chromatid cohesion could be explained if chromatin fibers were trapped inside cohesin's ring. If sister chromatid fibers were trapped within a single ring, then one could also explain how cohesin mediates sister chromatid cohesion without invoking hitherto undetected interactions between subunits of different cohesin complexes. The data presented here are nevertheless equally consistent with the notion that interactions between two separate topologically entwined cohesin-DNA complexes are responsible for sister chromatid cohesion.
Our finding that cleavage of 50% of Scc1 molecules abolishes their association with minichromosomes without affecting the latter's association with the remaining 50% of (uncleavable) Scc1 molecules suggests that our assay largely measures association between minichromosomal DNA and individual cohesin complexes. This does not exclude the possibility that cohesin also associates with chromatin as multimeric complexes in vivo (whether as multimeric rings or as extended filaments). Such complexes might not survive our purification scheme and would therefore not be detected by our assay. The key point is that our data indicate that individual cohesin complexes are able to maintain a stable association with minichromosomes in vitro via a mechanism that has a strong topological component. , 2003) suggests that the entrapment process is a complex one that involves major conformational changes to the cohesin complex induced by an accessory factor (the Scc2/Scc4 complex). In this regard it is interesting that in case of another ABC ATPase, MutS (and its homologs in eukaryotes) ADP-ATP exchange converts the protein from a mismatch DNA binding mode into a DNA-sliding clamp (Gradia et al., 1999) . Whether entrapment inside cohesin rings is really the mechanism by which cohesin associates stably with chromatin will ultimately require that this process be reproduced with pure components in vitro. Whether or not the ring model is correct, any future model will have to account for the remarkable stability of cohesin's association with circular DNA and its dissociation upon linearization.
Experimental Procedures
Plasmids and Strains
To generate the centromeric plasmid, pUC19 had a polylinker-containing Afl III-Nar I fragment removed by digest, fill-in, and religation. TRP1ARS1 sequence was PCR amplified with Nde I and Sal I sites at both ends and cloned into Nde I site of modified pUC19. BamH I/Sma I/EcoR I polylinker was inserted into Nae I site of TRP1ARS1 circle. An 850 nt long CEN4 sequence from YCplac22 was PCR amplified and cloned into BamH I/EcoR I. TetO 21 was cloned upstream of the TRP1ARS1 circle by blunt-end ligation. The pUC19 sequence of the final construct can be removed by Sal I digest. Yeast sequences containing TetO 21 , TRP1ARS1, and CEN4 were gel purified as 3.5 kb Sal I fragment, circularized by ligation and used for yeast transformation. Larger plasmids in Figure 6F are the TetO 56 -containing derivative of the above and YCplac22 with TetO 56 . All strains used are described in Table S1 . TetR-GFP-TAP construct was assembled in YIplac128 with URA3 promoter and ADH terminator and integrated into leu2 locus after linearization with EcoR V. Generation of strains with SCC1 and SMC3 genes containing TEV sites was described previously .
Plasmid Purification and Immunoprecipitation
Yeast strains transformed with the plasmid were grown overnight in synthetic medium without tryptophan at 30°C, were diluted into 1 liter YEPD to a final OD 600 of 0.2 and grown till OD 600 reached 0.65. For metaphase arrest 10 g/ml nocodazole (Sigma) was added with 1% DMSO and cells were incubated for additional 1.5 hr. Spheroplasting was carried out with lyticase (L-2524, Sigma) as described in (Deshaies and Kirschner, 1995) 
